Introduction
Polymer nanocomposite foams have received increasing attention in recent years due to their significantly improved multifunctional performance. These particular subset of foams exhibit increased strength [1] [2] [3] , electrical conductivities [2, 4, 5] , and damping [6] [7] [8] [9] over their traditional counterparts. While the applications of polymer nanocomposite foams like flexible sensors [10] and electromagnetic shielding [2, 11] have been widely reported, very few studies have however focused on the damping applications for noise and vibration control. In recent years experimental studies and numerical modelling have been carried out to describe the widely reported interfacial sliding mechanism in nanocomposites for damping treatments.
In the classical polymer/carbon nanotube (CNT) composite with nanoparticles embedded in the polymer matrix, the three interface couplings that induce energy dissipation are the polymer-nanotube, the nanotube-nanotube interfacial sliding, and the coaxial sliding of the tube walls within the multiwall carbon nanotube (MWNT) [12] . Polymer-nanotube sliding is determined by the CNT/polymer interfacial bonding and dispersion quality [13, 14] , whereas nanotube-nanotube sliding within entangled CNTs is closely related to the filler content. The coaxial internal sliding between tube walls does not generate an appreciable increment in loss factor, however it has been shown to decrease the strain level threshold for which stick-slip dissipation occurs [15] . Most of the nanocomposites foams described in open literature have been produced by direct foaming, with the nanofillers being embedded inside the polymer skeleton. In that sense this type of microstructure makes use of the polymer-nanotube interfacial sliding to improve the overall damping performance. Verdejo and co-workers have added 0.1wt% MWNTs into flexible polyurethane (PU) foams, and managed to increase the sound absorption coefficient peak by 30% in the 1 kHz-2kHz frequency range compared with pristine PU foams [6] . The reason for this significant increase in acoustic absorption was attributed solely to the polymer-nanotube 'stick-slip' mechanism with increased cell sizes.
Bandarian et al [9] compared the loss factor (tan δ) and sound absorption coefficient of carboxyl, hydroxyl and amide functionalised MWNTs (0.1wt%) modified open cell PU foam.
In agreement with what observed by Verdejo et al, Bandarian and co-workers also witnessed an increase of the sound absorption peak of the foam between 1 kHz-2 kHz. The improvement of the mechanical and acoustic damping in the PU/CNT-COOH and PU/CNT-OH foams was however attributed to the micro voids structure produced by gas during the 3 reaction between the functional groups on the CNT surfaces and the isocyanate. The foam with amide functionalized CNTs showed however a decrement in loss factor caused by the strong covalent bonds which inhibited the polymer-nanotube 'stick-slip' mechanism [9] .
Polymer foams with high CNT content tend also to not exhibit a homogeneous dispersion of nanoparticles, which leads to a deterioration of the mechanical properties. For example, Liang et al. [16] have developed soy-based PU foams reinforced with varying weight fractions of MWNTs. While the flexural modulus and strength increased by ~30% by using 0.5wt% of embedded MWNT only, a further increment of MWNT content to 1wt% caused a sharp drop of those mechanical properties.
A region with high CNT content in the composite foam is required to make an efficient use of the nanotube-nanotube interfacial sliding mechanism. Nano-ink coatings applied to the 
Experimental

Nano-ink preparation
Carboxylic functionalised Elicarb® MWNT with over 70% purity, average diameter of 20 nm and 10's of microns in length were supplied by Thomas Swan Ltd, UK. Fig. 1 [20] ). MWNTs were added directly into the IPA, followed by ultrasonication performed with a probe sonicator for 30 mins with the assistance of polyvinylpyrrolidone (PVP) as dispersant. An initial master batch of 0.3wt% solution was produced; the ink was diluted to the required wt% with additional isopropanol alcohol. We used a water-based aliphatic polyurethane dispersion (PUD) U4101 with solids content of 39-41 and elongation at break of 1400% [21] provided by Alberdingk Boley and used as top coating. This solution was used to seal the MWNT coating as a sandwich core between the base PU foam strut and PUD, as illustrated in Fig. 2 . The foam was then dried in the oven for 5 hours at 50°C. The surface coverage of foam strut by the MWNTs is a key factor that governs the damping performance. To make use of the CNT-CNT frictional slippage existing in multi-walled nanotubes the strut surface should preferably fully covered by the MWNTs ink coating.
Therefore we produced one layer of MWNT ink coating with various ink concentrations (0.01wt%, 0.05wt%, 0.1wt%, 0.2wt%, and 0.3wt %) to evaluate the influence and type of surface coverage.
The coating process described above can be considered as the procedure necessary to produce one sandwich-type layer coating. By repeating the same procedure 1 to 3 times and treating the PUD top coat as the next layer's base coat we could produce samples containing 1 to 4 layers of micro-architectured sandwich rib coating. Pristine and PUD coated foams without the MWNT ink ribs sandwich core were also fabricated and tested for control. 
Measurements
The conductivity of the foams coated with 0.01wt%~0.3wt% ink (without top coating)
were measured by using a Keithley 2100 digital multimeter under two points measuring mode (ASTM D4496-04 standard). This test was only performed to verify the possible formation of conductive networks, and to determine therefore the coverage and uniformity of the ink coating on the surface. The actual MWNT content coated on the foam was measured by weighting the foams before and after the inkcoating process.
The amplitude, frequency and temperature dependency of the viscoelastic properties (storage modulus E', loss modulus E" and tanδ) of the multilayer-coated foams were evaluated by using a Dynamic Mechanical Analyser (DMA+/NUT/022/B-Metravib) under compression mode. The specimens were subjected to a sinusoidal dynamic strain varying from 0.2% to 2%
at a fixed frequency of 10Hz at room temperature. Frequency scans of 1 Hz -40Hz were then applied under a temperature sweep between 30°C and 130°C with 1% strain under a heating rate of 5°C/min. Both static and quasi-static compression-compression cyclic tests were performed at room temperature by using Shimadzu AGS X Series universal testing machine with 1KN load cell at crosshead speed of 5mm/min under stroke control with maximum stroke of 1.5mm (3.75 % of compressive strain) in 1Hz triangular waveform under room temperature and 36% humidity. The aim of these tests was to obtain an overall characterization on the static and cyclic performance of the various types of foams and provide a benchmark to the DMA data. An initial set of five cyclic loading at 1 Hz and room temperature was also performed to verify the mechanical stability of the sample. After the first cycles, the hysteresis curves and elastic modulus of the foams showed a robust stability.
DSC measurements were performed on a TA Instruments Q100 Calorimeter in two scans.
The first scan was to remove the thermal history of the samples, whereas the second scan was performed between -70 °C and 300 °C with a heating/cooling rate of 10°C/min. The identification of the transition temperature by the DSC measurements was performed following the ASTM D7426-08 standard. Five specimens from each sample batch were tested to acquire a statistical distribution of the results.
3.
Results and discussions Due to the saturation of the surface coverage the electrical conductivity did not increase further by a significant amount, showing only a ~50% improvement when tripling the MWNT content from 0.1wt% to 0.3wt%. This surface coverage saturation is also proved by the plateau region in Fig. 5 . It can be therefore concluded that the 0.1wt% MWNT ink was the most effective for the surface coverage of the foam skeleton, and was then adopted for the successive studies of the multilayer coating analysis.
3.2
Static and cyclic compression tests on the multilayer architectured foams
The results from the uniaxial compression test are shown in Fig.6 . Both the MWNT ink layer and PUD layer foam samples showed a variation of the mechanical properties versus the pristine foam configurations. In order to analyse the mechanical performance outside the linear elastic range, we chose the stress at 10% strain as the one corresponding to the plateau stress (see Fig. 6a ). To separate effects of the PUD layer, samples with one layer (1PUD) and four layers (4PUD) of PUD coating were tested for comparison purpose. As shown in 
Where U is the maximum energy stored during a cycle and can be calculated from the area under the middle line of the hysteresis loop [22] .
In Fig. 7 layer played a key role in the enhancement of the damping performance. It is also interesting to notice that the '1MW' sample showed a smaller ∆W normalised value than that the one exhibited by the 1PUD configuration that contained the same number of PUD layers, and was expected to exhibit a lower normalised energy dissipated. This fact could be explained by the strong chemical bonding existing between the MWNT-COOH, PU and PUD layer, together with the two types of damping mechanisms within the core layer itself, which will be discussed in the following paragraph. Fig.7 . Normalised dissipated energy and loss factor of multilayer coated foams obtained from quasi-static cyclic compression tests.
Viscoelastic damping performance
The amplitude dependency of the viscoelastic properties (storage modulus E', loss modulus E") of the samples was evaluated by using a Dynamic Mechanical Analyser. and (c) show the storage modulus, loss modulus and loss factors of the tested specimens. The storage modulus E' (Fig.8 (a) ) increased with the presence of increasing numbers of MWNT coating layers, which in agreement with the trend observed from the quasi-static cyclic tests ( Fig. 6 (b) ). However, the magnitude of the elastic modulus is higher than the one recorded for the storage modulus from the DMA test. One of the reasons is that the elastic modulus was calculated with strain up to 3% whereas the DMA only presented the dynamic strain up to 2%. Together with the differences in testing frequency and the input signal (sinusoidal for DMA, triangular for quasi-static test) which led to different level of energy input per cycle, it is difficult to find a corresponding relationship between the results obtained from these two tests [12, 23] .
14 Similarly with the results from the quasi-static cyclic loading tests, the loss modulus, increased with increasing numbers of MWNT coating layers ( Fig.8 (b) ). As discussed previously, both the PUD layers and the MWNT core contributed to this increment.
Additionally, two possible damping mechanisms within the MWNT core layers could be further argued for. In a similar way to any conventional CNTs embedded in polymer matrix nanocomposites two main damping mechanisms exist in the MWNT core: the energy dissipation caused by (a) CNT-polymer interfacial sliding and (b) the energy dissipation caused by the CNT-CNT sliding [12] . Unlike conventional polymer based nanocomposites that are mainly characterised by the stick-slip mechanism at the CNT-polymer interface, the MWNT core contains more entangled CNTs that provide a larger CNT-CNT interface, and therefore would dissipate energy mainly through the CNT-CNT interfacial sliding. When considering the chemical bond formed by the -COOH functional group between the MWNTs and the PUDs, the CNT-polymer interface retains a much stronger bonding and therefore requires a higher critical shear strain (stress) to activate the CNT-polymer interfacial sliding
15 mechanism compared to the case of the interfacial sliding between CNTs [12] . Hence, as indicated in Fig. 8 (b) , the sharp increment in loss modulus at lower dynamic strain is caused primarily by the CNT-CNT interfacial sliding mechanism. With the increase of the dynamic strain the other CNT-polymer energy dissipation mechanism started to contribute to the overall damping performance, reaching a peak of storage and loss modulus at a specific strain, with the two damping mechanism been fully activated. The position of the E" peak shifted to lower dynamic strains with increasing numbers of MWNT layers as indicated by the arrow in The loss factor (tan δ) is plotted in Fig.8 (c) . Although the samples containing between three and four layers of coating showed the higher loss modulus, their loss factor dropped in values close to the ones of the PUD coated sample due to their high storage modulus. The samples containing two layers of coating showed the highest loss factor (~0.37 at 0.66% strain), increased by 185% and 85% compared to the ones of the baseline PU and 1 PUD layer coated foams respectively. Such increment in loss factor by using the CNT-CNT frictional sliding is much more effective than the one present in foams that take advantage of the CNT-polymer matrix damping mechanism. For example, Bandarian [9] and co-workers have used the foaming technique with 0.1wt% COOH functionalised MWNTs embedded in the foam strut, and observed an increase of the loss factor by ~20% from 0.21 to 0.25 at 20°C. In our case, the ink-coated foam shows a 270% increment in loss factor for 1 wt% with 2 coating layers, which is however a higher weight fraction than the one used in [9] . Our in-coated foams appear to be also more effective in damping than high-energy dissipation auxetic foams;
Bianchi [24] has observed that the damping capability of conventional open cell PU foams improves by transforming the same pristine foam used in this study into an auxetic phase, with the foam loss factor increased by 83% from 0.12 to 0.22 By applying the ink coating technique proposed in this work we have however achieved a further 100% increment in loss factor.
The viscoelastic properties of the ink coated foams were described in master curves (Fig.9) superposed using the Williams-Landel-Ferry model [25] with a reference temperature of 75°C. The data used for time-temperature superposition was selected according to the Colecole plot, which is a log-log plot of the loss modulus vs. storage modulus used to determine whether the tested material is thermodynamically simple [26] . These plots are considered a 16 standard in industry to evaluate the performance of the material outside the experimental limitations [27] . with what observed on the strain scan (Fig.8) , the 2MW samples showed the highest values of loss factor, and the introduction of more coating layers resulted in a drop of the loss factors due to the increased storage modulus.
Thermal analysis
As shown in Fig. 10 , no significant difference was observed between the various samples in terms of their second order transition temperatures. When heating the pristine foams from -70 °C a second phase transition was observed at -45°C, further heating affords no additional phase change until 114°C, where another second-order transition is observed. As the MWNTs are not embedded inside neither the pristine PU foam nor the PUD layer, the segmental mobility of the polymer chain was not restricted, thus the transition temperature stayed with increasing coating layers. With the increase of the temperature the exothermic peak of the pristine PU appeared at 270°C, whereas the samples '1PU' and '4PU' had the exothermic peak at around 220°C. This difference was caused by the PUD layer that has a lower decomposition temperature than the one of the baseline PU foam. The anoxic exothermal resulted from the recombination of the molecular fragments into lower energy oligomers which transported into gas phase [28] , resulting in the presence of an endothermic peak. 
Conclusions
The paper has described a simple and scalable method to fabricate multilayer PU foams 
